Components of the proteinaceous cement secreted by barnacles have yet to be studied because of their insolubility. We solubilized and characterized the proteins of secondary cement, which is produced when the barnacle is detached from the substratum, in Megabalanus rosa.
solubilized in aqueous formic acid after cleavage with cyanogen bromide, was shown by SDS-PAGE to contain eight fragment peptides (CB-peptides). N-terminal amino acid sequences of the CB-peptides were also determined.
We conclude that the barnacle cement is composed of at least two types of protein: highly hydroxylated protein in the SF1 and SF2 and insoluble protein in the IF. The SDS-PAGE pattern of CB-peptides from the secondary cement was identical to that of the primary cement produced while the barnacle is attached to a substratum. In addition, immunoblot analysis, using a polyclonal antibody against one of the CB-peptides from the secondary cement, also cross-reacted with a CNBr-fragment peptide of the primary cement. These results indicate that the primary and secondary cements are similar in protein composition.
Introduction
Barnacle cement plays a major role in attaching the animal to various substrata (Walker, 1972) . Barnacle cements are classified into two types according to the method of collection: a primary cement produced while the animal is on a substratum, and a secondary cement secreted while the animal is free from a substratum (Saroyan et al., 1970) .
The two forms of cement are similar in their whole amino acid composition (Naldrett, 1993) . Reattachment of barnacles to a new substratum by secondary cement has also been reported (Saroyan et al., 1970; Dougherty, 1990) .
These reports indicate that the primary and secondary cements are essentially the same (Naldrett, 1993) although there has hitherto been no biochemical evidence to establish this relatedness.
Although amino acid compositions of several barnacle cements have been reported (Walker, 1972; Naldrett, 1993) detailed analysis of the components of the cement has been thwarted by their insolubility. In the study of such adhesive proteins, we generally face two obstacles. First, it is difficult to measure adhesive activity during purification. Second, it is difficult to purify and analyze the adhesive proteins after secretion because they are usually insolubilized in the adhesive process (Waite, 1987 To avoid contamination during collection of the secondary cement, the calcareous base of the barnacle was covered with Parafilm (American National Can Co.) after the animal was detached from the substratum. The barnacle was then immersed in aerated seawater in an aquarium. Secondary cement secreted on the base of barnacle was collected with a microspatula on the following day. The collected cement was dialyzed against pure water at 4°C lyophilized, and stored at -20°C until used.
Fractionation by centrifugation
The first underwater adhesive protein purified from a marine invertebrate was a byssus protein of a marine mussel, Mytilus edulis (Waite and Tanzer, 198 1; Waite, 1992a; Laursen, 1992) which contained peptidyl3,4-dihydroxyphenylalanine (DOPA). Since then, similar DOPA-containing adhesive proteins from other mussels (Rzepecki et al., 199 1) and a marine polychaete (Waite, 1992b; Waite et al., 1992) have been purified by using DOPA as a marker. However, other underwater adhesive proteinsincluding barnacle cement-that lack a marker such as DOPA have not yet been purified and characterized.
The stored secondary cement was suspended in 80% formic acid, diluted with ultrapure water to 10% formic acid, and centrifuged at 200,000 X g for 1 h. The supernatant was designated as soluble fraction 1 (SFl). The precipitate was resuspended in 10% formic acid, and this centrifugation was repeated twice more to separate the SF1 from the precipitate. The protein content remaining in the supernatant after the third centrifugation was negligible. Cys residues of the precipitate were reduced and S-alkylatcd with 4-vinylpyridine in the presence of tri-nbutyl phosphine in the dark at room temperature overnight (Rtiegg and Rudinger, 1977) , and excess chemicals were then removed by dialysis against ultrapure water in the dark. The resultant suspension was centrifuged as described above. The precipitate was named the formic-acidinsoluble fraction (IF), and the supernatant was designated as soluble fraction 2 (SF2). After evaporation of the formic acid, each fraction was lyophilized.
In the present study, we fractionated the proteins in barnacle cement according to solubility, and purified and characterized the major proteins in these fractions. Biochemical evidence for the identity between primary and secondary cements was also examined.
Solubilization qfthe,formic-acid-insoluble fraction
Materials and Methods
Chemicals
In order to solubilize the IF, it was suspended in 1% cyanogen bromide (CNBr) in 70% formic acid and agitated in the dark at room temperature for 24 h. After evaporation of the CNBr, the sample was dissolved in 80% formic acid, diluted with water to 10% formic acid, and centrifuged. The supernatant was lyophilized. Most of the IF was solubilized by this treatment, and the residual precipitate was negligible.
All chemicals were of the highest grade, and most were purchased from Wako Pure Chemicals (Osaka).
Electrophoretic analysis and electroblotting

Specimens
Acorn barnacles, Megabalunus rusu, were collected from a floating buoy in Miyako Bay, Iwate Prefecture, Japan. Detached barnacles were used for collection of the cements.
With one exception samples for sodium dodecylsulfatepolyacrylamide gel electrophoresis (SDS-PAGE) were incubated at 100°C for 3 min in the sampling buffer containing 2% SDS and 5% 2-mercaptoethanol:
The nonreduced sample of SF1 was incubated in the same conditions except that the buffer lacked 2-mercaptoethanol. The samples were then applied to discontinuous SDS-PAGE according to the method of Laemmli (1970) . The NTris(hydroxymethyl)methylglycine (TRICINE)-SDS-PAGE system (Schagger and Jagow, 1987) was used for separation of fragment peptides (CB-peptides) released from the IF after cleavage with CNBr. Electrophoretic transfer to a polyvinylidene difluoride (PVDF) membrane (Pro Blott, Applied Biosystems) was carried out according to Matsudaira ( 1987) ; the 3-cyclohexylaminopropanesulfonic acid (CAPS) buffer system was used for amino acid analysis and N-terminal amino acid sequencing.
Amino acid analysis
Samples for amino acid analysis were hydrolyzed in vacw in constant-boiling HCl (5.7 N) including 0.02% phenol or in 4 M methane sulfonic acid (Pierce Chemicals) at 110°C for 24 h, 48 h, and 72 h. Cys was detected as cysteic acid after performic acid oxidation (Hirs, 1967) . Amino acid compositions of the hydrolysates were determined with a TOSOH automatic amino acid analyzer (TOSOH Corp., Tokyo) using 4-fluoro-7-nitrobenzofurazan (NBD-F) (Dojindo Laboratories) for detection (Miyano et al., 1985) and reversed-phase-high-performance liquid chromatography (RP-HPLC) (ODS-80TM, TO-SOH Corp.) for separation.
Protein content was estimated from amino acid analysis of the lyophilized sample, including n-Leu (Pierce Chemicals) as an internal standard.
N-terminal amino acid sequence analysis and secondary structure prediction
Peptide bands transferred to a PVDF membrane were excised after visualization with Coomassie brilliant blue R-250 and analyzed with a pulse liquid-phase sequencer (473A, Applied Biosystems). Secondary structure prediction from a partial sequence of CB-peptides was carried out with a GENETYX-MAC Version 7.0 (Software Development Co., Tokyo) as described by Chou and Fasman (1978) .
Preparation @"the antibody and immunoblot analysis
Polyclonal antibodies against CB-2 peptide were raised in rabbits by serial subcutaneous injections of the electrophoretically isolated CB-2 peptide in Freund's complete adjuvant. Specificity of the antibody was studied by immunoblotting with the CB-peptides, as described elsewhere (Enami et al., 1991).
Results
The protein content of the dialyzed secondary cement was estimated to be more than 90% of dry weight by the amino acid analysis. Weight percentages of SFl, SF2, and IF in the cement were estimated to be 2 l%, 37%, and 42%, respectively. Table I position of the M. rosa cement in comparison with the cements of other barnacles. Although the Cys content was lower in M. rosa than in other species, the profiles were similar. Modified amino acids such as hydroxyproline (Hyp), DOPA, and methionine sulfoxide were not detected in the hydrolysate of the M. rosa cement.
SDS-PAGE showed that the SF1 contained three major polypeptides near 60 kDa (Fig. 1 ). They were named SF l-60 k, -57 k, and -47 k. Some bands with molecular weights less than 20 kDa were also detected in SDS-PAGE of the SF1 . The SF2 contained one polypeptide near 60 kDa; it was designated as SF2-60 k. In contrast, the IF gave no detectable bands because of its insolubility in the sampling buffer.
The amino acid compositions of SFl-60 k, -57 k, -47 k, and SF2-60 k were similar (Table II) . SFl-60 k, -57 k, -47 k, and SF2-60 k had the same N-terminal amino acid sequence: Gly-Lys-Ala-Val-Thr-Val-Gly-Thr-Asp-.
SDS-PAGE of SF1 in the absence of 2-mercaptoethanol showed a single band near 180 kDa but no band near 60 kDa (Fig. 2) suggesting that SFl-60 k, SF1 -57 k, and SFl-47 k form an oligomer.
The IF could not be solubilized without cleavage of peptide bonds in any of the solutions tested-7 M guanidinium hydrochloride, 8 M urea, 5% SDS, 1% Triton X-100, 80% formic acid, 0.1 M acetic acid, 1% perchloric acid, 0.5 M lithium chloride, or 0.1 M ethylenediaminetetraacetic acid (EDTA). Most of the IF was solubilized by the CNBr treatment. The solubilized IF was shown to contain 8 CB-peptides (CB-1 to 8) in SDS-PAGE (Fig. 3) . The IF was solubilized by CNBr treatment even though disulfide bonds were not cleaved.
Although no consensus sequence was found in the CBpeptides (Fig. 4) in CB-8 peptide, Leu appeared at every one to four amino acid sites among which hydrophilic amino acids were interspersed. Secondary structure prediction indicated abundance of the P-sheet in CB-peptides, especially CB-1 (84%), CB-3 (80%), CB-4 (83%), CB-6 (77%), CB-7 (63%) and CB-8 (66%).
After CNBr treatment, the primary cement gave the -CB-7 -CB -8 Figure 3 . Complete separation of CB-peptides by SDS-PAGE. Lane 1: primary cement treated with CNBr. Lane 2: CB-peptides resolved by TRICINE buffer system (separating gel; 16.5% T, 6% C, 6 M urea) with spacer gel ( 10% T, 3% C). Names of CB-peptides (CB-I to CB-8) indicated on the right side. Numbers on left side indicate molecular masses (kDa) estimated from molecular weight peptide standards (Pharmacia LKB). Complete resolution of CB-1 and CB-2 achieved using separating gel (16.5% T, 3% C) without spacer gel and urea. Apparent molecular masses of the CB-peptides were as follows: CB-1, 18.8 kDa; CB-2, 18.2 kDa; CB-3, 15.1 kDa; CB-4, 9.6 kDa; CB-5, 8.1 kDa; CB-6, 6.4 kDa; CB-7, 4.6 kDa; CB-8, 4.2 kDa.
same SDS-PAGE pattern as the secondary cement (Fig.  3) . The anti-CB-2 antibody reacted with a band of the CNBr-fragment of the primary cement that had the same mobility as CB-2 (Fig. 5) . No CNBr-fragment derived from the SF1 or the SF2 reacted with the anti-CB-2 antibody (data not shown).
Discussion
The cement of M. rosa was composed of proteins, as reported in other Balanus species (Walker, 1972) . The amino acid composition of the cement of M. rosa was similar to those of two other Balanus species, except for the lower Cys content in M. rosa. Cements of pedunculate cirripedes, Lepas anatifera (Walker and Youngson, 1975) and L. fascicularis (Barnes and Blackstock, 1976) , were also reported to have lower Cys contents.
The barnacle cement of M. rosa yielded three fractions, SF1 , SF2, and IF. The absence of cross-reaction of anti-CB-2 antibody with the SF1 and SF2 indicates that the IF is distinguished from the soluble SF1 and SF2. The SF1 and SF2 comprised polypeptides similar in molecular weight, amino acid composition, and N-terminal sequence. Although the SF2 was solubilized in aqueous formic acid by cleavage of disulfide bonds, it is not clear whether the polypeptides in the SF2 bind to the IF by a disulfide bond. The SF2 may be merely entangled with the IF without covalent binding. Cleavage of the disulfide bond may facilitate solubility in formic acid. The SFl-60 k, SFl-57 k, and SF1 -47 k polypeptides formed an 180-kDa oligomer cross-linked by intermolecular disulfide bonds. Intermolecular disulfide bonds may play a role in the insolubility of these polypeptides in seawater.
The SFl-60 k, SFl-57 k, SFl-47 k, and SF2-60 k polypeptides were highly hydroxylated. In these four polypeptides, amino acids with hydroxyl side-chains accounted for 30% of the total (Ser = 16% and Thr = 14%). The short-side-chain amino acids made up 43% of the total residues (Ser = 16%, Gly = 15%, and Ala = 12%). These unique amino acid compositions are similar to that of the Set--rich protein in the tube cement of a marine polychaete (Phragmatopoma californica) , and to sericin, a sticky outer covering of the silk fiber of silkworms, (Bombyx mori) (Jensen and Morse, 1988 X: not determined.
2
Cleavage of Met-X bonds by CNBr promoted solubilization of the IF, although the existence of other intermolecular cross-linkages cleaved by CNBr treatment is not ruled out. Intermolecular cross-linkages are not always necessary for protein insolubility. For instance, the 16-residue peptide (AlaGluAlaGluAlaLysAlaLys)2 spontaneously assembles to form an irreversibly insoluble membrane upon the addition of salt (Zhang et al., 1993) . The stability of the membrane is attributed to intermolecular hydrophobic interactions and to ionic bonds of the psheet peptide. In silk fibroin, a P-sheet structure contributes to the assembly of monomer fibroin to insoluble fibers (Hamodrakas et al., 1982) . The potential abundance of the P-sheet in CB-peptide is consistent with the insolubility of the IF.
16.9-SDS-PAGE and immunoblot
analysis with an anti-CB-2 antibody indicated that the primary and secondary cements are similar in protein composition. The secondary cement acts at the interface between the calcareous base and the substratum to which the barnacle attaches.
The cement, composed of at least two distinct groups of proteins-formic-acid-insoluble IF and highly hydoxylated proteins in the SF1 and SF2-serves as an underwater adhesive. Cloning of cDNAs corresponding to the IF and the highly hydroxylated proteins in SF1 and SF2 is now in progress. protein play a role in removing the weak boundary-water layer and in spreading the protein onto the surface of the substratum in the process of adhesion. The hydroxylated side-chains of proteins in SF1 and SF2 may be similarly important for underwater adhesion.
The IF was difficult to solubilize in aqueous formic acid without cleavage of peptide bonds. Insolubilization is thought to be an essential feature of the underwater adhesive process. How is the IF protein rendered insoluble? DOPA, reported to be present in Mytilus byssus protein (Waite and Tamer, 1981) may confer insolubility on the protein by making intermolecular cross-linkages between its oxidation product DOPA-quinone and Lys, as suggested by Waite (1987) . In this study, as in other research on barnacle cements (Naldrett, 1993) no DOPA was detected in the hydrolysate of M. YO.SU cement: Thus DOPA-quinone cross-linkage does not seem to be responsible for the insolubility of the IF in barnacle cement. Dougherty,
